Wildlife watching is an emerging ecotourism activity around the world. In Australia and New Zealand, night viewing of little penguins attracts hundreds of thousands of visitors per year. As penguins start coming ashore after sunset, artificial lighting is essential to allow visitors to view them in the dark. This alteration of the nightscape warrants investigation for any potential effects of artificial lighting on penguin behavior. We experimentally tested how penguins respond to different light wavelengths (colors) and intensities to examine effects on the colony attendance behavior at two sites on Phillip Island, Australia. At one site, nocturnal artificial illumination has been used for penguin viewing for decades, whereas at the other site, the only light is from the natural night sky. Light intensity did not affect colony attendance behaviors of penguins at the artificially lit site, probably due to penguin habituation to lights. At the not previously lit site, penguins preferred lit paths over dark paths to reach their nests. Thus, artificial light might enhance penguin vision at night and consequently it might reduce predation risk and energetic costs of locomotion through obstacle and path detection. Although penguins are faithful to their path, they can be drawn to artificial lights at small spatial scale, so light pollution could attract penguins to undesirable lit areas. When artificial lighting is required, we recommend keeping lighting as dim and time-restricted as possible to mitigate any negative effects on the behavior of penguins and their natural habitat.
INTRODUCTION
The intent of ecotourism is to enjoy and appreciate nature that promote conservation, with low environmental impact; providing economic resources for local communities (The Nature Conservancy, 2017). Ecotourism activities have quickly increased around the world, and thus, there is a social obligation for operators to identify, eliminate, or mitigate any potential impacts caused by their activities (Shannon, Larson, Reed, Crooks, & Angeloni, 2017) . Artificial night lights from tourism infrastructure (e.g., hotels, resorts, or marinas) contribute to the loss of the natural night sky by emission and reflection of light and consequently can negatively impact some economic activities such as stargazing ecotourism (Weaver, 2011) . From an ecological perspective, light spill or light pollution produced by artificial lights used to enhance ecotourism activities is usually overlooked, but must be considered (Shannon et al., 2017) .
Life on Earth has evolved under a regime of day-night cycles (Bradshaw & Holzapfel, 2010) . Proliferation of artificial lighting at night in recent decades disrupts these natural cycles and has multiple effects on wildlife and ecosystem functioning (Gaston, Duffy, Gaston, Bennie, & Davies, 2014; Gaston, Visser, & Hölker, 2015; Longcore & Rich, 2004) . Light pollution can modify the natural release of melatonin, a hormone involved in the circadian rhythms (e.g., Dominoni, Borniger, & Nelson, 2016) . It can also cause direct mortality in several taxonomic groups, such as insects, sea turtles, nocturnal migrant passerines and seabirds, by disorienting them from their natural routes (Rich & Longcore, 2006; Rodríguez et al., 2017; Van Doren et al., 2017) . Responses of natural communities to artificial lights can lead to cascade effects (Bennie, Davies, Cruse, Inger, & Gaston, 2015) and threaten ecosystem services, such as pollination and seed dispersion mediated by animals (Knop et al., 2017; Lewanzik & Voigt, 2014) . Light pollution is considered an important threat for biodiversity (Hölker, Wolter, Perkin, & Tockner, 2010) , but its full effect is far from being comprehensively understood.
The emergence of little penguins Eudyptula minor from the sea at dusk is a tourist attraction at over 10 sites in New Zealand and along the southern coast of Australia. Artificial illumination enhances the visitors' experience at these sites. Visitation to these penguin attractions generates revenue and employment for local communities, adding value to the area and providing education about wildlife and awareness of ecological problems (Tisdell & Wilson, 2012) . For example, the Penguin Parade on Phillip Island, Australia, attracted more than 770,000 visitors in 2016-17 and contributed an estimated 498 million Australian dollars to the economy of the State of Victoria (Dann & Chambers, 2013) . Penguin Parade revenues fund research, management, and education on little penguins, other seabirds, fur seals, threatened species, and coastal ecosystems. In keeping with the sustainable basis of ecotourism, any associated activities, such as the provision of lighting to enhance visitor experiences, ought to be examined for potential harmful effects on target species (Shannon et al., 2017) .
In this study, we tested if artificial light affects colony attendance and path selection of little penguins at Phillip Island, Australia. Our experiments were conducted in two breeding sites: one with nightly artificial illumination for penguin viewing, the Penguin Parade, and a site without artificial lights under a natural night sky, Cullen Cove.
Firstly, we conducted an experiment to test the effect of light intensity by manipulating an existing beach lighting setup (Penguin Parade) on the penguins' attendance variables (numbers, group size, and timing of arrival). Secondly, we tested the effect of artificial light on the number penguins and the arrival times on a natural breeding site by introducing it where there previously was none (Cullen Cove). Thirdly, we tested the path selection response to blue and red light by measuring the number of penguins and their arrival times (Cullen Cove). Lastly, in a fourth experiment, we simulated the Penguin Parade lighting on the Cullen Cove beach (a previously unlit area) and we isolated the specific effects of downward facing lighting in previous experiments by inclining lighting in a 45 • angle. In this fourth experiment, we assessed the number of penguins using four paths with different levels of illumination. Given that little penguins are nocturnal on land (Stahel & Gales, 1987) while strongly influenced by day/night natural light patterns, that is, seasonal, daily, and lunar variations of light (Rodríguez, Chiaradia, Wasiak, Renwick, & Dann, 2016) , we hypothesized that their behavior coming ashore would be affected by artificial light. Thus, higher light intensities would result in lower numbers of penguins coming ashore, larger group sizes, and longer times to reach the colony.
During the experiments conducted at Cullen Cove, we also expected that penguins would select the darkest paths to reach their nests. We also expected that penguins would use paths preferentially lit with red light to which other penguin species are less sensitive according to spectra absorbance of visual pigments (Bowmaker & Martin, 1985) .
METHODS

Study area
Phillip Island in south-eastern Australia (S 38 • 29 ′ , E 145 • 15 ′ ) sustains more than 1% of the global population of little penguins E. minor (BirdLife International, 2017) with approximately 26,000-28,000 breeding penguins (Sutherland & Dann, 2012) . Watching penguins on the island has been an ecotourism activity since the 1920s. Artificial lighting has been used to enhance visitor experience for decades. Initially the penguin paths were lit with hand-held torches. Mast lights are now used with orange halogen lights (Linear halogen, 240 V, 2,600 lm;
Osram Sylvania, Danvers, MA) with light intensity around 3 lx at ground level to reduce potential impacts on penguin behavior during colony attendance. Lights at the Penguin Parade are turned on after sunset for approximately 1.5 hr, after which time the colony returns to darkness. Penguins emerge from the water to cross a gentle sloping pale yellow sandy beach (Supp. Figures S1 and S2 ). To account for any potential habituation of penguins used to artificial lighting at the Penguin Parade (Ellenberg, 2017) , we conducted additional experiments at a natural site without artificial lights and closed to the public, Cullen
Cove. Cullen Cove is more than 2 km away from Penguin Parade and the two sites are not visually connected, that is, there is no light spill from one site to the other. At Cullen Cove, penguins cross a shorter stretch of basaltic rock beach (Supp. Figure S3 ).
Species
The little penguin E. minor is the smallest of the 18 extant penguin species (Dann, 2013) and the only penguin species whose activity at colonies out of burrows is strictly nocturnal (Stahel & Gales, 1987) .
During the day, penguins forage at sea or remain underground in their burrows, but at night they return ashore or emerge from their burrows (Stahel & Gales, 1987) . After sunset, little penguins emerge from the sea and walk toward their burrows within the colony (Daniel, Chiaradia, Logan, Quinn, & Reina, 2007; Rodríguez et al., 2016) . They are resident seabirds, that is, adults are present at colonies throughout the year, even outside of the breeding season.
Experiment 1
To test potential effects of light intensity on penguin attendance ashore, we manipulated light intensities on the beach masts at the Pen- The treatments (i.e., normal or high intensity) were applied on alternating nights from sunset to approximately 1.5 hr after sunset. We 
Experiment 2
On July 6, 2015, we installed two tunnels on the main path at the natural site (Cullen Cove) to habituate penguins to the tunnels. The tunnels were placed on a natural path used by the penguins to travel between their burrows and the sea. Tunnels were 1 m in length, 40 cm in width and 50 cm in height (Supp. Figure S3 We conducted the experiment from October 20, 2015 to December 2, 2015. While one tunnel was lit, the other control tunnel was kept in the dark (no artificial light). Thus, penguins had to choose between the two tunnels (one lit and one dark) to proceed into the colony. We also included control nights, with no artificial light in either tunnel. Considering the tunnels as relative to the penguins' view as they cross from the sea toward the colony (i.e., "right" is the tunnel positioned such that a penguin must veer right to enter it), treatments were: "right on, left off"; "right off, left on"; and "control" (no artificial illumination). These treatments were alternated nightly. To reduce the risk of potential disturbances to the colony and to comply with our Animal Ethics permit, lights were turned on from 15 min before sunset to 105 min after sunset, giving the option for any penguins deterred by the light to enter the colony after the lights were off.
We also conducted a modified experiment from February 22, 2016
to May 2, 2016. The main changes being: (1) the roof of the tunnels was removed to avoid any potential confounding behavior of penguins under a cover, and (2) the light intensity was increased to 100 lx.
Results of this modified experiment are included only in the Supplementary Material as the results were very similar to those of the initial tunnel experiment, experiment 2 (Supp. Figure S4 ).
Experiment 3
From December 3 to 26, 2015, we tested if penguins had a preference for red or blue light at the naturally lit site, using the same tunnels and LED lights as used in experiment 2 above (Supp. Figure S3 ). In this case, treatments were: "right blue, left red"; "right red, left blue"; and "control" (without any artificial light, see Supp. Figures S5 and S6 ). Treatments were alternated nightly. We tested red and blue light as these lights produce the most contrasting spectra given our RGB LED strip lights.
Experiment 4
We conducted another experiment from May 30 to July 24, 2016 at the naturally lit site (Cullen Cove) with the tunnels removed, to avoid any confounding factor caused by the tunnels. We simulated the Penguin Parade light conditions by placing lights on a 1.8 m mast to detect any effect of artificial illumination on the spatial path used by penguins when they cross the beach. We lit the right and left side of the beach (again, relative to the penguins' view as they emerge from the sea)
on different nights, and we hypothesized that penguins would avoid the artificially lit areas. We set four infrared diffuse reflection photoelectric sensors (Sick Optex WT260-S260) to detect penguin transit through each of four adjacent areas along the beach (i.e., "far-left,"
"centre-left," "centre-right," "far-right"). To allow simultaneous logging data from all sensors, RH designed a 4 channel state-change data logger around an ATmega328 microcontroller. We set a pole with a halogen light (HPM RGLVSPBL) 4 m on the beach side of the boxes, aimed downward at 45 • , which produced three lux brightness at ground level on the beach. We selected an illuminance of 3 lx as it is the light level employed at Penguin Parade. Every night only one of the lights (right or left) was turned on. During control nights both lights were off. Treatments were randomly assigned to nights.
Variables
In experiment 1 at the Penguin Parade, we counted (1) the number of penguins and penguin groups coming ashore during the lighting period,
(2) the group size, (3) the time of emergence, (4) the time when penguins reached the colony, that is, they crossed the lit beach, and (5) the beach crossing time, that is, the time penguins need to walk from the water's edge to the colony. The last four variables had to be controlled for the dependence of the data coming from a single night, that is, we recorded several values per night, by including night as a random term. Time is given in minutes relative to apparent sunset time, which was obtained from the Earth Research System Lab, NOAA (Cornwall, Horiuchi, & Lehman, 2016) . In experiments 2 and 3, to simplify statistical analyses and avoid random factors, we calculated the proportion of penguins crossing through each of the tunnels, that is, the number of penguins under the right tunnel divided by the total number of penguins (right and left tunnel). We also calculated the difference in timing of the first penguin crossing under the right tunnel minus the first penguin crossing under the left tunnel. In experiment 4, the number of penguins using each of the four beach areas was recorded. Given that there were four values for a single night, the term "night" was included as a random factor to control for the dependence of observations.
Statistical analysis
We used Linear Models (LM), Generalized Linear Models (GLM), Linear
Mixed Models (LMM), and Generalized Linear Mixed Models (GLMM)
to test the effect of the different light treatments on 10 response variables related to colony attendance behavior of penguins. Mixed models were used when the dependence of data was violated as data from a single night cannot be treated as independent. In experiment 1, we built GLMs using light intensity (independent variable) as a two-level factor (normal and high intensity). For those response variables with data dependent on the night, we built LMMs and GLMMs with light intensity as a fixed factor, and night as a random factor. In experiment 2 and 3, by using the proportion or the difference between tunnels as a single value, we avoided the dependence of the two tunnel values each night. We employed GLMs and LMs with treatment as three-level factor ("control," "right on, left off" and "right off, left on" for experiment 2; and "control," "right blue, left red" and "right red, left blue" for experiment 3). To analyze the proportion of penguins, we created a response variable as a data frame consisting of two columns (i.e., the numbers of penguins using the right and the left tunnels), and used
GLMs with quasibinomial distribution of errors and logit link function (Zuur, Ieno, Walker, Saveliev, & Smith, 2009) . In experiment 4, we conducted a GLMM (with Poisson error distribution and log link function)
to explain the number of penguins (response variable) in relation to two explanatory factors, plus their interaction. Factors were the path (four levels: paths 1-4) and the treatment (three levels: "control," "light right," and "light left"). Night was included as a random term to correct for the dependence of the data from a single night. As this model did not converge, we conducted four GLMs (negative binomial errors and log link functions) for each individual path, with the number of penguins as response variable and light treatment as a factor ("control,"
"light right,"and "light left").
All statistical analyses were conducted in R version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria). LMs were fitted using the "lm" function from the "stats" package. We checked the assumptions of normally distributed and homogeneous residuals by inspecting qqplots, scatterplots of residuals plotted against fitted values and plots of residuals against leverage (Zuur et al., 2009 ). GLMs were fitted with Poisson error distribution and log link function by using the "glm" function of "stats" package. Overdispersion was assessed by calculating the sum of squared Pearson residuals, and dividing by the sample size minus number of parameters (Zuur, Hilbe, & Ieno, 2013) .
When overdispersion was higher than 1.5, we ran GLMs with negative binomial error distribution and log link functions using the "glm.nb" function of the "MASS" package (Venables & Ripley, 2002) . LMMs and GLMMs were fitted by "lmer," "glmer," and "glmer.nb" functions of the "lme4" package (Bates, Mächler, Bolker, & Walker, 2015) . When overdispersion was an issue on GLMMs with Poisson error distribution and log link function, we ran GLMMs with negative binomial error distribution and log link function. Dispersion parameters were checked through a simulation-based approach using the "DHARMa" package (Hartig, 2016) . The significance of the full models as compared to the null model comprising only the intercept (and the random factors in case of mixed models) was established using likelihood ratio tests in the "anova" function of the "stats" package. Post hoc Tukey tests were calculated to detect differences among factor levels by using the function "glht" of the "multcomp" package (Hothorn, Bretz, & Westfall, 2008) .
RESULTS
In experiment 1, light intensity had no significant effects on the attendance behavior of little penguins at the Penguin Parade, measured as number of penguins arriving at the colony each night; number of groups crossing the beach; group size; and timing of emergence at water's edge, to reach the colony, or to cross the lit beach (Table 1) .
In experiment 2, penguins preferred to cross under lit tunnels to dark tunnels (values > 0.5 for "right on" treatment and values < 0.5 for "right off" treatment) and significant differences were reached among all treatments ( Figure 1A and Table 2 ). Penguins showed a slight pref- Table 2 ). Penguins also crossed earlier under lit tunnels than dark tunnels ( Figure 1B ).
In experiment 3, penguins tended to use the blue-lit tunnel rather than the red ( Figure 1C ). The linear model explaining the difference in the number of penguins was highly significant (F 2, 22 = 47.63, P < 0.001) and penguins crossed more often under the blue tunnel (Table 2) . With regard to the difference in timing of the first penguin crossing in relation to blue-red light, treatment had no significant effect (F 2, 22 = 0.23, P < 0.800) and no differences were observed in pairwise comparisons ( Figure 1D and Table 2 ).
In experiment 4 with four paths, penguins tended to cross within (from strongest to weakest tendency) path 3, 4, 2, then 1, independent of light treatment ( Figure 2 ). As the GLMM did not converge, we conducted four GLMs for each individual path. We did not find differences in paths 1 and 3 ( 2 = 1.04, P = 0.59; and 2 = 1.36, P = 0.51, respectively), but penguins tended to cross through path 2 and 4 when that particular path was lit ( 2 = 18.77, P < 0.001; and 2 = 8.32, P = 0.015, respectively), that is, the number of penguins crossing within path 2 or 4 was higher on those nights when the closer (left or right, respectively) light was on (Table 3) . 
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DISCUSSION
There is growing evidence that artificial night lighting leads to important environmental issues for wildlife, human health, energy consumption, and global change (Hölker, Moss, Griefahn, Kloas, & Voigt, 2010) , and wastes energy, and money (Gallaway, Olsen, & Mitchell, 2010) . Studying the effect of artificial lights on wildlife is an emergent field, and research is indeed necessary to understand how seabirds and other nocturnal species respond to ever increasing artificial light levels at night. We examined the attendance pattern of penguins in response to artificial light, as used to enhance human vision during ecotourism activities. Contrary to our predictions, light intensity had no effect on the colony attendance pattern of little penguins at the Penguin Parade, a site artificially lit to enhance visitor viewing. At
Cullen Cove, with a natural night sky, our experiments demonstrated that, when making their way into the colony from the sea, penguins did prefer well-illuminated tunnels or paths over those poorly lit.
Marine-adapted seabirds have to evolve with a trade-off between foraging at sea and reproducing on land. They are well-adapted to the marine environment but underperform on land. Flightlessness in penguins is an extreme example of marine adaptation. Given little penguin' reduced capacity to escape predators on land, its breeding distribution is almost entirely restricted to islands and coastline inaccessible to mammalian predators and they visit their colonies only at night to avoid visually aerial predators such us sea-eagles and gulls (Dann, 2013) . If penguins come ashore at night to take advantage of the darkness, why did they prefer brighter than darker tunnels and paths? Our results contrast with the general view that nocturnal seabirds would prefer low light levels in an attempt to avoid predation or piracy (Martin, 2017; McNeil, Drapeau, & Pierotti, 1993) . A priori they would be more visible to potential predators or kleptoparasites in the lit areas. However, the little penguins' visual system is not well adapted to night light conditions (Cannell & Cullen, 1998) . In fact,
there is no evidence of little penguins fishing at night (Cannell & Cullen, 1998; Pelletier, Chiaradia, Kato, & Ropert-Coudert, 2014; Preston et al., 2008) . But they would have evolved to come ashore in the dark to avoid diurnal predators (Martin, 2017; McNeil et al., 1993) . Thus, given the option of light or darkness, penguins could prefer to use light to see paths and obstacles while waddling between the sea and their nest sites. The short legs of penguins make land movement a high cost activity (Griffin & Kram, 2000) , and therefore, artificial light could enhance penguin vision and be beneficial to reduce waddling costs by avoiding obstacles and facilitate detection of paths into the colony. By arriving at night, they would avoid diurnal predators or kleptoparasites not increasing the risk of predation, while still exhibiting a preference for using brighter paths, as our results showed.
Penguins also tended to use the tunnel lit with blue light rather the one with red light. The spectral distribution of ambient light underwater becomes increasingly narrow as depth increases and it is centered at 420-430 nm wavelengths (Martin, 2017) . Thus, as deep diving foragers, little penguins may be more sensitive to blue than red light. In fact, this is true for penguins, according to the only study on their visual systems. In the Humboldt penguin Spheniscus humboldti, long-wave sensitive pigments are significantly shortwave-shifted, and the absence of red oil droplets leads to the relative insensitivity to longer wavelengths (red light) (Bowmaker & Martin, 1985) . Furthermore, three of the five types of cone identified by visual pigment-oil droplet combinations have maximums of relative sensitivity at wavelengths shorter than 500 nm, that is, in the blue part of the visible spectrum (Bowmaker & Martin, 1985) . Assuming little penguins have a similar visual system, the higher sensitivity to blue light with regard to red light may also explain why they choose the blue lit tunnel, and adds more evidence to the hypotheses of using light to avoid obstacles.
The Penguin Parade site is one of the many penguin breeding sites along the Summerland Peninsula at Phillip Island, but it is the only site lit with permanent artificial lights since the 1960s. The Parade site breeding population has increased in recent times, and shows similar (or better) breeding success than other sites at Phillip Island (P. Dann, pers. obs.) . Individuals breeding at the Penguin Parade could be habituated to artificial illumination, and this fact would explain the lack of response to light intensity (from 3 to 15 lx). However, the experiments conducted at Cullen Cove, a site never before exposed to artificial lighting, demonstrate that penguins selected lit areas (tunnels and paths) while waddling to their nesting sites.
Artificial lights can affect the movement of animals, especially in corridors among fragmented habitats (Bliss-Ketchum, de Rivera, Turner, & Weisbaum, 2016) . When penguins are crossing the beach, that is, during the transition between marine and terrestrial environments, they have limited mobility and therefore are more exposed to any terrestrial threat. Contrary to our prediction however, experimental lights did not prevent penguins from visiting the colony, nor did they delay their arrival, in response to light treatments.
Despite the lack of strong negative effects on penguin colony attendance behavior the precautionary principle should be adopted with regards to artificial lighting at eco-wildlife venues. Lighting should be minimized as it may affect penguins or other biodiversity in other ways not tested in our experiments. First, while penguins are faithful to their path to their burrow, they could be drawn to artificial lights at small spatial scale, so light pollution could attract penguins to lit areas, where they would encounter anthropogenic threats such as predation by pets, collisions with vehicles or even inhumane behaviors of humans.
In the same way, artificial lights could be used to guide penguins for management purposes. For example, underpasses built to avoid road collisions could be lit to facilitate the adoption by penguins of these new structures to reach their colonies (Cullinane, 2016) . Second, artificial night lighting may be affecting the physiological and biochemical mechanisms that underlie penguin behavior, health status or fitness (Dominoni, 2015) . For example, lighting can alter the secretion of melatonin, a hormone involved in the regulation of biological rhythms such as sleep or body temperature (Dominoni, Goymann, Helm, & Partecke, 2013; Jones, Durrant, Michaelides, & Green, 2015) . Melatonin suppression would not affect the arrival behavior of penguins (according to our results), but it may affect their biological clock, phenology (e.g., moult or breeding) or immune system (Dominoni et al., 2016; Jones et al., 2015) . Third, other seabird groups, such as petrels and shearwaters, many of which share breeding grounds with penguins, are fatally affected by lights when fledglings leave their natal colonies (Rodríguez et al., 2017) . On Phillip Island, large numbers of short-tailed shearwater fledglings are grounded by street lighting and susceptible to being run over by vehicles, the abundance of which is partially produced by Penguin Parade visitors (Rodríguez et al., 2014) .
Finally, non-carefully selected nightscape lighting at eco-wildlife venues could send the wrong message to visitors, who could interpret that lighting the nightscape has no ecological consequences. Thus, we recommend keeping lighting as dim and time-restricted as possible to ensure an adequate view of penguins, a suitable experience for visitors, as well as an appropriate awareness to visitors of environmental issues, including those affecting penguins, but also other wildlife.
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